Sodium secondary batteries are attractive energy devices owing to the natural abundance of Na resources. The use of ionic liquid electrolytes can solve the safety problems associated with Na secondary batteries, especially for large-scale applications. The present study investigates the physical and the electrochemical properties of three inorganic-organic hybrid ionic liquid electrolytes for Na secondary batteries (Na[FSA]-[TMHA][FSA], Na[FSA]-[DBDM][FSA], and Na[FSA]-[AS(4.5)][FSA] (TMHA + = trimethylhexylammonium cation, DBDM + = dibutyldimethylammonium cation, AS(4.5) + = 5-azoniaspiro(4.5)nonane, and FSA − = bis(fluorosulfonyl)amide anion) have been investigated. In all the three systems, the liquid phase is observed at room temperature in a certain range of the Na[FSA] fraction. The ionic conductivities and the viscosities of the three systems obey the Vogel-Tammann-Fulcher equation, and the highest ionic conductivity among the three is observed for the Na[FSA]-[AS(4.5)][FSA] system. Their cathode limit on a Cu plate is Na metal deposition around 0 V vs. Na + /Na and anode limit on a glassy carbon electrode is observed at ~5 V. The Coulombic efficiency of Na metal electrodeposition/dissolution is improved by elevation of temperature.
Introduction
Lithium secondary batteries are now widely utilized as energy storage devices in various applications such as portable electronics and automobiles. 1, 2 The high energy capacities and the high rate capabilities attained for state-of-the-art Li secondary batteries has enabled them to take the place of other types of secondary battery in many applications. However, the application of Li secondary batteries to large-scale energy storage encounters problems like high cost and uneven distribution of Li resources. Increasing number of researchers have studied the chemistry of Na secondary batteries, [3] [4] [5] [6] [7] targeting their future use as energy storage devices for stationary and transport purposes, owing to the high abundance and low cost of Na resources. 8, 9 The reasonably low Na + /Na redox potential (−2.71 V vs. standard hydrogen electrode) also enables the construction of batteries with high energy densities.
Organic solutions containing Na [ClO4] or Na[PF6] are currently used as electrolytes in most Na secondary batteries. [10] [11] [12] Although such organic solutions have suitable ionic conductivities and electrochemical stabilities (e.g. 5.23 mS cm −1 for the highest ionic conductivity of the 0.8 M Na[ClO4]-propylene carbonate solution), 10 practical applications are hindered by safety concerns, due to their high volatility and flammability. Ionic liquids are widely considered as possible replacements for organic electrolytes in the construction of safe electrochemical devices owing to their negligible vapor pressure, low flammability, and wide liquid-phase temperature range that negate the afore-mentioned safety concerns. 13 In contrast to the extensive works on ionic liquid electrolytes for Li secondary batteries, reports on Na secondary batteries remain limited. The TFSA-based (TFSA = bis(trifluoromethylsulfonyl)amide)) ionic liquids give acceptable electrochemical performance when combined with alkali metal cations at intermediate temperatures, 14 and with the N-alkyl-N-methylpyrrolidinium cation at room temperature. [15] [16] [17] Ionic liquid electrolytes based on FSA − (FSA − = bis(fluorosulfonyl)amide)) reduce the lower limit of the liquid-phase temperature range and improve the ionic conductivity compared with TFSA-based ionic liquid electrolytes.
Sodium secondary batteries utilizing the Na[FSA]-K[FSA] inorganic ionic liquid operates in the intermediate temperature range (above 353 K); 18-20 a further decrease in operation temperature was attained by introducing the organic ionic liquid, N-methyl-N-propylpyrrolidinium bis(fluorosulfonyl)amide ([C3C1pyrr][FSA]). 21, 22 Furthermore, the use of FSA − enables stable electrodeposition/dissolution of Na metal with the 1-ethyl-3-methylimidazolium cation. 23 A similar benefit in the use of FSA − against cathodic reactions was also observed in the Li secondary battery system. 24, 25 Incorporation of other organic cations into ionic liquid electrolytes for Na secondary batteries is an interesting target, to enable the use of Na secondary batteries in a more diverse range of environments, such as at low and high temperatures. In the present study, three Electrochemical measurements were performed on a Biologic VSP-300 system in the glovebox. Cyclic voltammetry was performed in a three-electrode cell using a Cu disk, an Al plate, or a glass-like carbon disk as the working electrode. Fresh Na metal (for reference and counter electrodes) was cut into pieces and fixed on Ni mesh and were directly immersed in the ionic liquid electrolyte containing Na [FSA] . The Na deposition/dissolution test was performed in a two-electrode cell at a current density of 1.0 mA cm −2 using a Hokuto Denko HJ1001SD8 system. Sodium metal (0.08 C cm −2 ) was first deposited on a Cu substrate with a surface area of 1.33 cm 2 , and Na deposition/dissolution (0.02 C cm −2 ) was repeated until the electrode potential reached 0.5 V vs. Na/Na + during the dissolution. The average cycle efficiency of Na deposition/dissolution (εcycle) is obtained according to the following equation (Equation 1) :
where Neff is cycle number until the electrode potential reached 0.5 V vs. Na/Na + , Qcycle is the electric charge for Na deposition/dissolution for one cycle (0.02 C cm −2 ), and Qex is the extra amount of electricity deposited before cycling (0.08 C cm −2 ). Sodium metal was used as a counter electrode.
Results and Discussion
Thermal behavior. (Figure 1 According to a previous work for Li [FSA] in organic solutions, thermal stability is dependent on electrode materials, which should be also considered in the cases of ionic liquid electrolytes in view of practical applications. 27 Figure 2 shows the phase diagrams for Na 
where η and σ are viscosity and ionic conductivity, respectively, and observed at a potential slightly lower than 0 V vs. Na + /Na, due to the deposition overpotential.
Electrochemical behavior
After reversing the direction of the potential scan, the corresponding electrodissolution of Na metal is observed. The Coulombic efficiencies (the ratio of the anodic and cathodic peak areas)
for the Na metal deposition/dissolution based on these cyclic voltammograms are 36 % for . The low Coulombic efficiency is probably caused by the dendritic deposition of Na metal, which we visually confirmed. On the glass-like carbon electrode, the anodic current rises to ~ 5 V vs. Na + /Na for each ionic liquid, which is similar to that previously reported for FSA-based ionic liquids. [21] [22] [23] It should be noted that the electrochemical stability of ionic liquid electrolytes is dependent on the electrode material and temperature. 44 : the onset temperature of melting, T2: the end temperature of melting, Ts-s: solid-solid transition temperature, Tg: glass transition temperature, ρ: density at 298 K, MC: molar concentration at 298 K, σ: ionic conductivity at 298 K, η: viscosity at 298 K, and n.d.: not detected. The T1, T2, Ts-s, and Tg values were determined based on the DSC analysis at a scan rate of 5 K min −1 . A Cu plate was used as a working electrode. Sodium metal of 0.08 C cm −2 was first deposited on a Cu substrate and Na deposition and dissolution of 0.02 C cm −2 were repeated until the electrode potential reached 0.5 V vs. Na/Na + during the dissolution. The current density was 0.1 (or −0.1) mA cm −2 through the test.
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